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Abstract 
 

In this study, wave spectrum based fatigue analyses are studied for Turkey’s adjacent coastal seas by using 

Maestro finite element analyzing software. Palmgren-Miner’s method is used to obtain the fatigue safe life time. 

Palmgren-Miner’s method was selected for the fatigue analyses because of its good acceptance of data from al-

most all classification societies such as Germanischer Lloyd, the American Bureau of Shipping, Det Norske Veri-

tas, etc. The maximum stress regions of the structures are obtained by using finite element analyses, and the re-

sults are compared with the endurance limit of the Wöhler diagram of AA5059 H321 aluminum alloy. The wave 

characteristics table given in this article is used to obtain the number of cycles for each sea condition. By using the 

wave characteristics table, the wave lengths, wave speeds, and cycles are obtained. This study is performed to 

estimate the lifetimes of a semi-swath type coast guard boat and/or commercial yacht projects, which are pro-

duced by using AA5059 H321 aluminum alloy, under different sea environment conditions. Fatigue examinations 

are performed for both head seas and oblique seas. 
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1. Introduction 

Fatigue is one of the most important issues in the 

ship building industry. Fatigue cracks are mostly ob-

served in commercial ships such as chemical and oil 

tankers, bulk carriers, etc., as a result of loading and 

unloading operations. However, the loads caused by 

waves and acceleration are the primary reasons for 

the occurrence of fatigue, especially in high-speed 

naval vessels. 

Ship designers and builders have constantly been 

in search of alternative materials, with the aim of 

reducing the weight of a boat. As a result of these 

concerns, aluminum alloys are often seen as the 

most suitable materials in the ship building industry. 

The density of aluminum alloy AA5059 H321 is 

approximately 2.7 ton/m
3 
[7], while the yield stress 

under a welded condition is 160 MPa and under an 

unwelded condition is 270 MPa [2,7]. The density 

of shipbuilding steel is 7.8 ton/m
3
 and the yield 

stress is 235 MPa. As a result of this density ad-

vantage, boats that are produced by using aluminum 

alloy AA5059 H321, have a significant weight ad-

vantage of up to 50% [6]. Additionally, if we com-

pare AA5059 H321 with AA5083 aluminum alloy 

in terms of strength, which is commonly used in the 

ship building industry, AA5059 alloy offers the 

possibility of building lighter boats. Another im-

portant advantage of using an aluminum alloy is the 

ability to obtain a considerable corrosion resistance 

compared to ship building steel. 

Fatigue calculations are carried out considering 

the wave characteristics of Turkey’s coastal seas. 

The goal of these analyses was to determine the 

length of time before the occurrence of a fatigue 

event for each sea condition and the length of the 

safe life time. 
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Maestro software was used for all of the finite el-

ement calculations because of its quick adaptation 

and accurate calculation capability for different sea 

conditions. One of the most common and important 

problems in naval engineering is the calculation of 

the stresses caused by waves from different attack 

angles. Maestro makes it easier and faster to ana-

lyze the stresses caused by waves coming from 

different angles of attack. 

2. Palmgren-Miner Cumulative Damage Fa-

tigue Assessment 

In this study Palmgren-Miner’s method was used for 

the fatigue analysis. Palmgren-Miner’s method was 

chosen as the fatigue life time assessment method 

because a ship is exposed to stress with a variable 

number of cycles and amplitudes, during its life time 

(Fig 1). 

Palmgren-Miner’s method also ensures that very 

precise and time saving solutions can be obtained.  

When using this method for obtaining a cumulative 

damage assessment for steel specimens, all of the 

cycles that are above the fatigue endurance limit, 

should be summed. As it is shown in Figure 2[8], it is 

a common agreement that aluminum alloys don’t 

have an endurance limit against a variable amplitude 

loading history. Hence, for aluminum specimens, all 

of the cycles must be taken into account to determine 

the fatigue endurance under such conditions. 

 

On the basis of Figure 2, the fatigue endurance 

limit, which corresponds to 10
8 
cycles is found to be 

approximately 117.2 MPa (17 ksi). According to 

Germanischer Lloyd Part1, Section17, Page 2, a 

fatigue analysis has to performed for the maximum 

number of cycles, N = 5.10
7 

for seaway induced 

stress with a stress range spectrum [3]. For the pur-

pose of increasing the safety limits, N was taken as 

10
8
 for this study. The annual cumulative number 

of cycles is obtained by the sum of the ratios of the 

number of cycles in each sea state to N [1]. 

∑
 

 
                                                    

Or, for the sequence in Figure 1 this would be 
  

  
 

  

 
 

  

 
                             

  where n1, n2, n3,… are the numbers of cycles 

obtained for each sea state. 

3. Implementation of Palmgren-Miner’s 

Method for Turkish Territorial Waters 

The most important purpose of the fatigue analysis 

for a vessel is the calculation of the desired life span 

without any fatigue cracks or damage occurring under 

Aegean Sea, Mediterranean Sea and the Black Sea 

environmental sea conditions. Different loads will be 

applied to the boat by the different sea environments. 

Thus, depending on the sea states and sea characteris-

tics, the fatigue stress response will be different. Ta-

ble 1 presents the characteristic wave heights for dif-

ferent sea states and the modal wave periods are de-

fined for the Mediterranean, the Black Sea and the 

Aegean Sea [5]. 

All of the boat calculations were performed for a 

displacement of 900 tons, without trim, and in a dis-

inclined position. For 900 tons of displacement, the 

vessel must have a draught of 3.2 m and the length of 

the water line, which is related to the draught value, 

must be taken into account. Furthermore, the vessel is 

assumed to cruise at 20 knots (10.28 m/s) for each 

case [4]. 

 

                 
Fig. 1.Typical block loading sequence [1].  
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Fig. 2.Wöhler diagram of aluminum and steel spec-

imens [8]. 
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In these calculations, one cycle is taken to be the 

travel of the vessel from the crest of one wave to the 

crest of the next wave. The relative speed is calculat-

ed by taking into account the speeds of the wave and 

vessel at head and oblique seas. Wave lengths are 

calculated on the basis of the modal wave periods in 

Table 1. 

3.1. Implementation of Fatigue Analysis in Aegean Sea Conditions  

3.1.1 Calculations for Aegean Sea for Sea State 

Two 

  When wavelength calculations are performed, the 

following formula (3.1) is used. In this equation, λ is 

the wave height, T is the wave period and g is the 

gravitational acceleration. 

  
   

  
  (3.1) 

  For the purpose of calculating the wave speed, the 

following formula (3.2) is used. For the modal wave 

period of 4.01 s (Table1), the wave length obtained is 

25.106 m. Applying this value to equation (3.2) yields 

a wave speed of 6.26 m/s. 

 

      
 

 
                           (3.2) 

 

  where λ is the wave length, T is the wave period 

and  Vwave is the speed of the wave. The relative 

speed between the boat and wave is calculated using 

the following formula by adding the speeds of the 

vessel and wave for head and oblique seas. In order to 

simulate the worst scenario and increase the number 

of cycles, it is assumed that the boat is in a head sea 

condition. 

 

                         (3.3) 

 

The boat’s travel time from one wave crest to the 

next crest is calculated according to equation (3.4). 

The distance between two wave crests is 25.106 m 

and the relative speed is 16.541 m/s as calculated 

above. By applying these values to equation (3.4), the 

transition time between the two wave crests is calcu-

lated to be 1.5178 s. 

 

                (3.4) 
 

The sea state two operating duration, which is 600 h, 

is equals to 2,160,000 s. Thus, the number of cycles 

that the boat will be exposed to at sea state two is 

1,423,112 cycles. 

3.1.2 Calculations for Aegean Sea for Sea States 

Three, Four, Five, and Six 

If the calculations that were used for sea state two 

are repeated for sea states three, four, five and six, the 

following values can be obtained and tabulated. 

 

 

3.1.3 Implementation of Palmgren-Miner’s 

Rule for Aegean Sea 

The cycles calculated for each sea state are taken 

into account cumulatively according to Palmgren 

Miner’s rule: 

 

 ∑
 

 
    (3.5) 

 

 

Table 1. Modal wave periods of Turkey’s coastal waters [5]. 

Sea  

State 

Characteris-

tic Wave 

Height(m) 

Modal Wave Period(sec) 

Black Sea 
Mediterrane-

an Sea 

Aegean 

Sea 

0-1 0.05 3.53 4.42 3.63 

2 0.3 4.14 5 4.01 

3 0.88 5.41 6.25 4.86 

4 1.88 7.28 8.15 6.25 

5 3.25 9.1 10.16 7.96 

6 5 10.19 11.74 9.81 

 

Table 2.Characteristics of Aegean Sea 
Calculations For The Aegean Sea 

Sea 

States 2 3 4 5 6 

λ 
25.106 

36.877

5 
61 98.93 

150.

3 

Vwave 6.261 7.588 9.76 12.43 15.3 

Vrela-
tive 16.541 17.868 20 22.7 25.6 

Cycle 1.423.1
12 

697.67
5 

473.
116 

247.93
4 

183.
986 
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If we rewrite the formula in more detail: 

 

  

 
 

  

 
 

  

 
                   (3.6) 

 

The cumulative cycles for one year are calculated to 

be 0.030256 in the Aegean Sea for head seas. The 

total life time is calculated by dividing 1 by this value 

to obtain 32.72 years. A lifetime of 32.72 years, 

which is calculated here, corresponds to a safe stress 

value of 117.215 MPa for 10
8
 cycles in the Wöhler 

diagram. Stress values that, exceed 117.215 MPa in 

the finite element analysis should be carefully deter-

mined and the necessary structural measures should 

be taken in these regions, such as adding brackets, 

increasing plate thickness, etc. 

3.1.4 Finite Element Analysis Results for Aege-

an Sea 

For the purpose of controlling and comparing inertia 

relief values in the finite element analysis, the design 

vertical accelerations should be calculated for each 

sea condition. The acceleration (expressed in g) at 

LCG (aCG) that is applied for sea state two is defined 

by the following formula, as per Germanischer Lloyd, 

Part3, Section3, Chapter 1, Page 51 [3]. 

 

              
 

√ 
    (3.7) 

 

where the foc and soc values, which are taken from 

Germanischer Lloyd, Part3, Section3, Chapter 1, 

Page 51, are represented in Table 3 and Table 5 re-

spectively [3]. 

 

Table 5.Soc values [3] 

Sea 

area 

Open 

sea 

Restricted 

open sea 

Moderate 

environment 
(2) 

Smooth 

sea(3) 

Soc CF(1) 0.30 0.23 0.14 

(1) For passenger,ferry and cargo craft, their 

seaworthiness in this condition is to be ascertained. In 
general, Soc should not be  lower than the values given 

in this table, where 

       
   

  √ 
      

(2)  Not applicable to craft with type of 
service’’Rescue’’ 

(3)  Not applicable to craft with type of service ‘’Pilot, 
Patrol’’ or Rescue 

 

If the foc value is selected for rescue and soc is se-

lected for sea state two, then the vertical acceleration 

(aCG) is calculated to be 0.6597g according to equa-

tion (3.7). If we similarly calculate the design vertical 

accelerations for sea states 3, 4, 5 and 6 we obtain 

Table 6. 

 

Table 6. Design vertical accelerations at LCG 

 Sea States 

2 3 4 5 6 

Vertical 

Acceleration 

Values (g) 

0.66 1.08 1.08 1.4 1.55 

 

This table is also used for the Aegean, Black Sea 

and Mediterranean Sea vertical acceleration calcula-

tions. The Maestro finite element model outputs for 

sea state four are shown in Figures 3 and 4 as samples. 

According to these results, waves with a 45° angle of 

attack (Figure 3) produce a maximum stress of 142 

MPa in the fore and aft regions. Waves with a 0° an-

gle of attack (Figure 4) produce a maximum stress of 

108 MPa in the fore region. The yield stress of the 

aluminum alloy AA5059 used in the construction of 

the boat is 155 MPa. Even if the boat is safe in rela-

tion to the yield strength for both cases, the waves 

with a 45° angle of attack, exceed the fatigue limit 

value of 117.215 MPa. 32.72 years was calculated as 

the safe lifetime in chapter 3.1.3. Hence, with a max-

imum stress value of 142 MPa, the calculated safe life 

time cannot be guaranteed. That stress value must be 

reduced below 117.25 MPa by taking structural pre-

cautions.  

 

Table 3.foc values [3] 

Type of 
service 

Passenger 

Ferry 

Cargo 

Supply 
Pilot, 
Patrol 

Rescue 

foc 0.666 1 1.333 1.666 

 

Table 4.Hs values [3] 

 
Open 

Sea 

Restricted 

Open Sea 

Moderate 
Environ-

ment Ser-

vice 

Smooth 

Sea Ser-
vice 

Hs      
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3.2 Implementation of Fatigue Analysis under 

Mediterranean Sea Conditions 

If the same annual operating time is taken as used 

for the Aegean Sea, the following results are obtained 

for the Mediterranean Sea. 

3.2.1 Implementation of Palmgren-Miner’s 

Rule for Mediterranean Sea 

When the number of cycles obtained for the Medi-

terranean Sea is used for equation (3.6), with 10
8
 cy-

cles as the N value, 0.02111 is obtained according to 

Palmgren-Miner’s method. By using this value, the 

total life time before fatigue occurrence is found to be 

46.897 years. 

The duration of 46.897 years again corresponds to a 

stress value of 117.215 MPa for 10
8
 cycles according 

to the Wöhler diagram. Stress values that exceed 

117.215 MPa in the finite element model, should be 

carefully determined and the necessary structural 

measures should be taken. 

3.2.2 Finite Element Analysis Results for 

Mediterranean Sea 

The Maestro finite element model outputs for sea 

state three are shown in Figures 5 and 6 as samples. 

According to these results, waves with a 45° angle of 

attack (Figure 5) produce a maximum stress of 132 

MPa in the fore and aft regions. Waves with a 0° an-

gle of attack (Figure 6) produce a maximum stress of 

105Mpa in the fore region. In that cases, structural 

precautions must be considered for head seas. 

3.3. Implementation of Fatigue Analysis under 

Black Sea Conditions 

Similar to the Aegean and Mediterranean Seas, the 

following results are obtained for the Black Sea. 

 

    
 Figure 6. Stress values caused waves with a 0° angle of attack [4]. 

 

 

Fig. 3. Stress values caused by waves  with 45° angle of 

attack [4]. 

 

Figure 4. Stress values caused by waves with a 0° (head 

sea) angle of attack [4]. 

 

Figure 5. Stress values caused by waves with a 45° angle 

of attack [4]. 

 



66 F. Kabakçıoğlu and E. Bayraktarkatal / International Journal of Ocean System Engineering 3(2) (2013) 61-67 

 

Table 7. Calculations for Mediterranean Sea 
Calculations For Mediterranean Sea 

Sea 
States 

2 3 4 5 6 

λ 39.03 61 103.76 161.17 
215.

2 

Vwave 7.8 9.76 12.725 15.863 
18.3

3 

Vrela-

tive 
18.1 20.04 23 26.143 

28.6
1 

Cycle 1.001.623 473.062 319.291 175.182 
143.5

79 

 

Implementing equation (3.6) for the Black Sea 

yields a value of 0.02698 and the resultant lifetime 

before fatigue occurrence is 36.69 years. Likewise, a 

fatigue safe stress value of 117.25MPa must be used 

in the finite element analyses performed for Black 

Sea cases. 

3.3.1 Finite Element Analysis Results for Black 

Sea 

Maestro finite element model outputs for sea state 

three are shown in Figures 7 and 8 as samples. Ac-

cording to these results, waves with a 45° angle of 

attack (Figure 8) has a maximum stress of 110.8 Mpa 

in the fore and aft regions. Waves with a 0° angle of 

attack (Figure 7) has a maximum stress of 143.18 in 

the fore region. Similarly, structural precautions has 

to be taken for head seas to avoid fatigue occurrence. 

4. Conclusions and Recommendations 

In this study, a semi-swath type coast guard boat, 

which was produced by using AA5059 H321 alloy, 

was analyzed for fatigue occurrence for the territorial 

seas of Turkey based on regional wave characteristics 

and wave angle of attack parameters.  For the pur-

pose of calculating the stress and hot spot areas 

caused by waves with different angles of attack, the 

Maestro finite element analysis software was used. 

Calculations were performed for three different sea 

regions and five different sea states. The stress values 

caused by waves with different angles of attack were 

calculated and analyzed. As a result of these analyses, 

how much time the boat could be used safely without 

taking suffering fatigue damage was predicted. 

The calculations showed that, there would be no fa-

tigue crack occurrence for 32.72 years in the Aegean 

Sea, 46.897 years in the Mediterranean Sea, 36.69 

years in the Black Sea. If the fatigue threshold value 

of 117 Mpa was not exceeded, the Aegean Sea condi-

tions yielded the shortest period of safe use, whereas 

the Mediterranean Sea offered longest safe operating 

time. 

As shown by this study, fatigue safety assessment is 

strongly dependent on the sea region, specific wave 

characteristics, angle of attack, operating hours in the 

sea region and building material. The variations in 

these parameters also changed the fatigue safe life-

time and hot spots for fatigue concerns. Therefore, it 

is strongly recommended that these parameters be 

well defined at the beginning of the design using suit-

able data and proper assumptions by mutual agree-

ment between the customer and designer. After defin-

ing the applicable ranges for these parameters, a stress 

analysis must be performed for all cases to determine 

hot spots for structural improvements and the fatigue 

safe lifetimes. 

         

 

  

Table 8. Design vertical accelerations at LCG 

Calculations For Black Sea 

Sea 
States 

2 3 4 5 6 

λ 
26.76 46.69 82.75 129.3 

162.

12 

Vwave 6.46 8.447 11.366 14.209 15.9 

Vrela-

tive 
16.74 18.73 21.647 24.49 26.2 

Cycle 
1.351.690 590.164 376.766 204.545 

174.4

75 

 

Figure 7. Stress values caused by waves with a 0° (head 

sea) angle of attack [4]. 

Figure 8. Stress values caused by waves with a 0° angle 

of attack [4]. 
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